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Background: For the ﬁrst time microorganisms in CF sinuses are investigated by molecular methods in response to an absence of anaerobes in CF
sinus samples during a two-year period at the Copenhagen CF center.
Methods: Endoscopic sinus surgery was performed in 19 CF patients. DNA from intact bacterial cells was investigated by 16S rRNA gene analysis
and quantitative PCR. Results were compared to culture-dependent routine diagnosis.
Results:Molecular methods showed a large microbial diversity, which included undetected anaerobes that may play a pathogenic role. Importantly,
the culture methods did not always detect known CF pathogens. Quantitative PCR showed generally a higher abundance of classic CF pathogens
e.g. Pseudomonas aeruginosa and Staphylococcus aureus compared with the anaerobe Propionibacterium acnes.
Conclusions: The results indicate that the culture methods in some cases may not be suitable as stand-alone method for this patient group, as
diversity may be underestimated and important species undetected.
© 2014 European Cystic Fibrosis Society. Published by Elsevier B.V. All rights reserved.Keywords: Anaerobes; Sinuses; Culture; Molecular methods1. Introduction
Sinus infections are a commonly occurring condition afflicting
up to 15% of the otherwise healthy European and American
population [1]. Cystic fibrosis (CF) patients are more susceptible
to infections and prone to chronic sinus infections [1], due to their
increased mucus viscosity and decreased mucociliary clearance
[2,3]. Consequently, most CF patients are thought to have bacteria
in their sinuses [4]. The microorganisms in CF sinuses may be
important treatment targets in order to improve quality of life and⁎ Corresponding author at: Life Science Division, Danish Technological Institute
DK-8000 Aarhus C, Denmark. Tel.: +45 7220 1828.
E-mail address: trt@teknologisk.dk (T.R. Thomsen).
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1569-1993/© 2014 European Cystic Fibrosis Society. Published by Elsevier B,.V. Alife expectancy of patients [5], since recent studies have suggested
that sinuses serve as a reservoir for colonization and infection of
the lower airways [2,6–8]. However transport from the lower
airways to the sinuses may also occur. Despite the possible
importance of CF sinus infections, CF research hasmainly focused
on chronic lung infections.
The initial motivation for this study was an absence of
anaerobes as detected by culture methods in sinus samples
obtained from patients undergoing sinus surgery during a two
year period, which lead to a termination of anaerobic testing for this
patient group. However, the knowledge from non-CF patients
suggests that chronicity of sinus infections is linked to increased
rates of anaerobes (as well as Staphylococcus aureus and Gram
negative rods) [1,9]. Since CF patients have significantly lowerll rights reserved.
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it seems likely that anaerobes should be present in CF sinuses.
The lack of detection of anaerobes therefore raised the question
whether potentially important microorganisms might be missed
by culture-dependent routine diagnosis resulting in inappropriate
therapy against these infections.
In the study samples obtained by image-guided functional
endoscopic sinus surgery (FESS) [4] were investigated by
culture-independent molecular methods including construction
of broad-range 16S rRNA gene clone libraries and species-
specific quantitative real-time polymerase chain reaction (qPCR).
16S rRNA gene analysis has previously been used to investigate
the bacterial flora in the sinuses of non-CF patients [9,13,14], but
this study is the first to apply this method to CF sinus samples.2. Methods
2.1. Patients and treatment
19 CF patients undergoing sinus surgery at the Department
of Otorhinolaryngology, Head and Neck Surgery and Audiology
(Rigshospitalet, Copenhagen, Denmark) were included in the
study, 10 females and 9 males (age = 6–45 years, median =
22 years) (Table 1). All patients were followed at the Copenhagen
CF Centre in Denmark by monthly visits to the outpatient clinic
and were selected for surgery based on the criteria described in [4].
All patients were prescribed oral azithromycin, and none received
IV antibiotics within 4 weeks prior to sinus surgery.
The study was approved by the local ethics committee
(H-A-2008-141). All patients gave informed consent; for patients
b18 years of age a consent was also obtained from their parents.2.2. Surgical procedure and routine diagnosis
Surgery was performed as an extended FESS, as described
previously [4]. Briefly, visible intramucosal abscess-looking
structures were resected along with swollen and inflamed tissue
when accessible. No local disinfectants were used in the nose.
Samples for molecular investigations were obtained collectively
with samples for culture-dependent routine diagnosis from the
same sample site (typically the right maxillary sinus) and divided
after mixing the sample material, which always consisted of tissue
and secretions. Routine diagnosis was performed under aerobe
conditions as described previously [4]. The samples for molecular
investigations were stored in glycerol and kept at −80 °C for
subsequent DNA extraction.2.3. DNA extraction
DNA from intact bacterial cells was extracted from all 19
samples using MolYsis Basic (Molzym, Bremen, Germany)
whereby human and naked microbial DNA was degraded prior
to DNA extraction using the FastDNA® SPIN Kit for Soil (MP
Biomedicals, France). The DNA was eluted in 75 μL DEPC-
treated water.2.4. Construction and analysis of clone libraries
Clone libraries were constructed for the individual samples
and analyzed as described previously [15]. Briefly, cloned
fragments of 16S rRNA genes were sequenced by Macrogen
Inc. (Korea) using the M13F primer. The sequences were
subjected to manual refinement, screening for abnormalities,
alignment and taxonomic lineage assignment. Sequences were
identified as originating from the same type of microorganism
and grouped together if they had more than 97% sequence
similarity [16]. One clone from each of these groups was
additionally sequenced with the M13R primer to obtain near
full-length sequences for phylogenetic analysis using neighbor
joining, maximum parsimony and maximum likelihood methods.
The phylogenetic analysis was considered robust since the three
resulting phylogenetic trees showed congruent phylogenetic
relationships (data not shown). The coverage ratio for each
clone library was calculated, as described elsewhere [15,16]. The
non-redundant, near full-length 16S rRNA gene sequences,
representing the types of microorganisms identified in this
study, were deposited in GenBank under the accession numbers
JQ794610–JQ794658.2.5. qPCR
The numbers ofPseudomonas aeruginosa, Propionibacterium
acnes and S. aureus cells in the samples were measured by
applying a variety of hydrolysis probe qPCR assays (Table 2) to
the extracted DNA. For each sample triplicate 25 μL reactions
were run, as described in [15], except that 2 μL of template
DNA was used and the concentration of primers and probes
were adjusted (Table 2). All experiments included no-
template controls. QPCR cycling conditions were 10 min at
95 °C, followed by 40 cycles of 30 s at 95 °C, 30 s at 60 °C
and 60 s at 72 °C, using the Stratagene Mx3000p machine.
Quantifications were based on standard curves of 10-fold
serial dilutions (100 to 107 copies μL−1) of synthesized
plasmids containing the respective target gene sequences
(GenScript, USA), from which the reportable range was
determined [17].2.6. Analysis of quantitative data
The number of gene copies measured by qPCR was
converted to number of CFU per gram sample using
CFU=g¼Cmeasured=Cgenome Vtotal=Vusedð Þ
msample
. Here Cmeasured is the
number of copies measured and Cgenome is the number of
gene copies in the genome of one CFU, while Vtotal is the total
volume of DNA extract (75 μL) and Vused is the volume added
to the qPCR reactions (2 μL). Msample is the mass of the initial
sample material (in grams).
For samples where more than one bacterium could be
quantified, a two tailed T-test was used to provide a hypothesis
test of the difference between population means. A statistical
value of ≤0.05 was considered significant.
Table 1
Overview of patients included in this study.
Age Gender CFTR mutation
type
Criteria for surgery Bacteria involved in lung
colonization
Sample site Sinus culture-dependent routine
diagnosis
Patient 1 33 F Lung transplantation & CRS P. aeruginosa Maxillary
sinusR
P. aeruginosa, CNS
Patient 2 19 F Delta F508
heterozygous
Intermittent lung colonization P. aeruginosa Maxillary
sinusR
P. aeruginosa, S. aureus, CNS
Patient 3 27 F Delta F508
homozygote
Intermittent lung colonization
& CRS
P. aeruginosa,
Burkholderia sp.
Maxillary
sinusR
Serratia marcescens
Patient 4 6 M Delta F508
heterozygous
Intermittent lung colonization
& CRS
P. aeruginosa Maxillary
sinusR
P. aeruginosa
Patient 5 44 F Delta F508
homozygote
Colonization of transplanted
lungs, lung transplantation &
CRS
Staphylococci Maxillary
sinusR
CNS
Patient 6 26 F Delta F508
heterozygous
Intermittent lung colonization &
CRS
A. xylosoxidans Maxillary
sinusR
A. xylosoxidans, CNS
Patient 7 34 M Delta F508
homozygote
Lung transplantation & CRS P. aeruginosa Maxillary
sinusR
P. aeruginosa
Patient 8 45 M Delta F508
heterozygous
Lung transplantation & CRS P. aeruginosa Maxillary
sinusR
P. aeruginosa, CNS
Patient 9 22 F Delta F508
heterozygous
Lung transplantation & CRS A. xylosoxidans Maxillary
sinusR
A. xylosoxidans, S. aureus
Patient 10 13 M Delta F508
heterozygous
Intermittent lung colonization
& CRS
P. aeruginosa Maxillary
sinusR
Aspergillus sp., CNS
Patient 11 42 F Delta F508
heterozygous
Lung colonization & CRS P. aeruginosa Maxillary
sinusR
P. aeruginosa
Patient 12 16 M Delta F508
heterozygous
Intermittent lung colonization
& CRS
Bordetella sp.,
Stenotrophomonas sp.
Ethmoid Bordetella bronchiseptica, CNS
Patient 13 38 M Delta F508
heterozygous
Intermittent lung colonization Long-term P. aeruginosa Maxillary
sinusR
P. aeruginosa, CNS
Patient 14 8 M Delta F508
homozygote
Intermittent lung colonization A. xylosoxidans Maxillary
sinusR
A. xylosoxidans
Patient 15 12 M Delta F508
heterozygous
Intermittent lung colonization A. xylosoxidans EthmoidR A. xylosoxidans, CNS
Patient 16 15 F Delta F508
homozygote
Intermittent lung colonization P. aeruginosa Maxillary
sinusR
P. aeruginosa, A. xylosoxidans,
CNS
Patient 17 14 F Delta F508
homozygote
Intermittent lung colonization P. aeruginosa Maxillary
sinusR
P. aeruginosa
Patient 18 39 F Delta F508
heterozygous
Lung transplantation & CRS P. aeruginosa Maxillary
sinusR
P. aeruginosa, Enterobacter
aerogenes, CNS
Patient 19 20 M Delta F508
heterozygous
Intermittent lung colonization A. xylosoxidans Maxillary
sinusR
A. xylosoxidans, CNS
Samples were typically obtained from the right (R) maxillary sinus (except for two cases where the ethmoid was sampled). Culture-dependent routine diagnosis of the sinus
samples generally identified species normally associated with CF and generally corresponded with species involved in colonization of the patients' lungs.
CNS: coagulase-negative staphylococci.
CRS: chronic rhinosinusitis.
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By constructing 16S rRNA gene clone libraries for the
19 CF patients a great diversity of microorganisms were found,
with clones grouped into 49 types of microorganisms. The
calculated coverage ratios for the clone libraries were generally
high (above 90%, except for patient 4), indicating that the
majority of microorganisms were detected (Table 3). Negative
controls included during 16S rRNA gene amplification did not
result in PCR products. Twenty of the found types of microbial
groups consisted of only 1–2 sequences found in the clone
library of a single patient and are not shown in the following
for clarity reasons. The identity of the remaining 29 types of
microorganisms and their relative abundance in the individualclone libraries are shown in Table 3. The majority of the
sequences are made up by a small number of microbial groups
that are frequently found in multiple clone libraries. Importantly,
many of the frequently found types of microorganisms were
known CF pathogens, anaerobes or facultative anaerobes. The
microbial diversity found in the clone libraries was much greater
than that found by culture-dependent routine diagnosis, where a
total number of eight different microorganisms were identified
(Table 1), including Aspergillus sp. that cannot be found by 16S
rRNA gene analysis.
QPCR was performed to confirm presence of P. aeruginosa,
P. acnes and S. aureus and determine the relative abundance of
these pathogens in the samples (Table 4). For P. aeruginosa
and S. aureus (except for patient 17), qPCR confirmed the
Table 2
Assays used for qPCR in this study.
Target (gene) Sequence (5′ → 3′) Conc. [nM] Ref.
P. acnes (16S rRNA) F GCGTGAGTGACGGTAATGGG 500 [28] a
P. acnes (16S rRNA) R TTCCGACGCGATCAACCA 500 [28]
P. acnes (16S rRNA) TM FAM-CGCCCAATAAATCCGGACAACGCT-BHQ 200 [28] a
P. aeruginosa (GyrB) F CCTGACCATCCGTCGCCACAAC 250 [29]
P. aeruginosa (GyrB) R CGCAGCAGGATGCCGACGCC 250 [29]
P. aeruginosa (GyrB) TM FAM-CCGTGGTGGTAGACCTGTTCCCAGACC-BHQ 200 [29]
S. aureus (FemA) F TGCCTTTACAGATAGCATGCCA 1000 [30]
S. aureus (FemA) R AGTAAGTAAGCAAGCTGCAATGACC 500 [30]
S. aureus (FemA) TM FAM-TCATTTCACGCAAACTGTTGGCCACTATG-BHQ 200 [30]
a The sequence has been modified from that in the reference by removing the last two nucleotides in F primer and using the reverse complimentary sequence for the
TM probe.
648 V.B. Rudkjøbing et al. / Journal of Cystic Fibrosis 13 (2014) 645–652findings in the clone libraries. P. acnes could be quantified by
qPCR in only one of nine cases where the bacteria were found
in the clone libraries (patient 11). The quantitative measurements
indicated that P. aeruginosa and S. aureus were generally
present in high numbers, whereas P. acnes was less abundant.
For patients 2, 8 and 11 it was possible to quantify more than
one bacterium by qPCR, and the measurements obtained by the
different assays were statistically significant (P values of 0.01,
0.0004 and 0.01 respectively). Surprisingly, in three cases
(patients 8, 11 and 18) it was possible to detect P. aeruginosa
by qPCR, although this species was not found in the clone
libraries.4. Discussion
This study presents for the first time analysis of bacteria in
sinus infections of CF patients by molecular methods. The
results of this study indicate that culture-dependent routine
diagnosis and molecular methods give differing results. The CF
sinus flora found by 16S rRNA gene analysis was very diverse
(Table 3) compared to the culture-dependent routine diagnosis
(Table 1). Similarly, polymicrobial findings by molecular
methods (84% of cases) were more frequent than those by
routine diagnosis (both in this and other studies [3,11,12]).
The clinical relevance of the diverse microbial flora detected
in the clone libraries is not fully understood, and interpretation
of the findings is a recurring issue for all studies using similar
molecular methods [9,18–20]. The high sensitivity of molec-
ular methods is challenging the understanding of disease
development and treatment: is it possible that some bacteria
do not merit treatment [19], or are all bacteria problematic by
promoting persistence of chronic infections due to high
bacterial diversity [20]? Further complicating the matter is the
fact that data from molecular methods are not filtered to remove
possible contaminants and commensals (as is the convention
for culture results). Another common source of divergence
between culture-dependent and molecular methods is that DNA-
based methods readily detect bacteria killed by antibiotics
and other mechanisms [18]. In this study, this problem is
circumvented by performingMolYsis pre-treatment prior to DNA
extraction, thereby targeting only DNA from intact microbial
cells.Despite the difficulties associated with interpretation of
molecular findings, several important observations can be made.
Firstly, the majority of the frequently found types of bacteria
in the clone libraries can be explained, since most have previously
been identified in CF sinuses. These included S. aureus [3,11,21],
P. aeruginosa [3,11,21], Stenotrophomonas maltophilia [2,3],
Haemophilus influenzae [3,11,12,21], Ralstonia sp. [2], P. acnes
[11], α-hemolytic streptococci [2,11,21], and corynebacteria
[2,21]. Furthermore these bacteria have also been identified in
non-CF sinuses, except for Ralstonia sp. [9,13]. The first five of
these bacteria are known CF pathogens. Additional CF path-
ogens identified in the clone libraries included Achromobacter
xylosoxidans, Dyella sp. [22] and Serratia marcescens. Of all
these bacteria, the culture-dependent routine diagnosis identified
only S. marcescens and classic CF pathogens (S. aureus,
A. xylosoxidans and P. aeruginosa), and even in these cases
there were no complete correlation between the applied methods.
It is likely that the frequently detected cyanobacteria and some of
the less frequently detected bacteria have been inhaled through the
nose and then indiscriminately detected by the molecular
methods. During sampling care was taken to avoid contamination
by upper pharynx flora. Stringent procedures to prevent
contamination during molecular analysis were employed, includ-
ing dedicated rooms for PCR setup (with UV light exposure and
positive pressure), and careful handling of sample DNA. This, in
combination with degradation of naked DNA by MolYsis
pre-treatment, greatly minimizes the risk of contamination during
experimental setup. Correct PCR controls support this even
though with the best precautions contamination can occur, and the
finding of unusual bacterial species should be interpreted with
caution. Secondly, analysis of 16S rRNA genes showed that three
types of anaerobes and six types of facultative anaerobes were
present in the sinuses (highlighted in Table 3). Eight of these nine
species have previously been found in the sinuses of non-CF
patients, with the exception of Brochothrix thermosphacta [9,13].
Since the culture-dependent routine diagnosis in this study was
performed in aerobic conditions, only facultative anaerobes could
be found by this method (P. aeruginosa and S. marcescens).
Interestingly, the anaerobe bacterium P. acnes was one of the
most frequently detected bacteria in the clone libraries and was
found in 9 of 19 patients. A similar tendency has been shown for
the sinuses of non-CF patients [9]. Confirmation of P. acnes by
qPCRwas only possible for one sample (patient 11), although low
able 3
he microorganisms found in the sinuses by analysis of 16S rRNA gene clone libraries.
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Key
Cyanobacterium sp.
Abundance Color
Propionibacterium acnes 100%
Ralstonia solanacearum*
Staphylococcus aureus*
Achromobacter*
xylosoxidans
Pseudomonas aeruginosa*
Serratia marcescens* 80%
Streptococcus salivarius
Uncultured δ-
Proteobacterium
Uncultured Bacteroidetes
Propionibacterium
granulosum
Brochothrix thermosphacta 60%
Corynebacterium appendicis
Aquabacterium citratiphilum
Micrococcus luteus
Stenotrophomonas*
maltophilia
Uncultured acidobacterium
sp. 40%
Uncultured β-
Proteobacterium 
Actinomyces massiliensis
Carnobacterium 
maltaromaticum
Haemophilus influenzae*
Bacillus amyloliquefaciens 20%
Bradyrhizobium betae
Corynebacterium simulans
Dyella sp.*
Petrobacter
succinatimandens
Uncultured bacterium 0%
Uncultured lysinibacillus
Uncultured α-
Proteobacterium
No. of clones in library 47 34 40 37 41 53 38 40 53 43 40 44 40 42 38 44 37 50 31
Coverage ratio (%) 91 100 95 86 100 100 100 100 100 98 98 100 100 95 97 100 97 100 100
he relative abundances of the sequences in the individual clone libraries are indicated according to the key, where the percentage of sequences identified as
riginating from the same type of microorganism dictates the color coding.
ed box indicates anaerobes, and a dotted box indicates facultative anaerobes.
indicates known CF pathogens.
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Table 4
Comparison of the detection of P. acnes, P. aeruginosa or S. aureus by molecular methods (clone libraries and qPCR).
P. acnes P. aeruginosa S. aureus
Clone
library qPCR
Clone
library qPCR
Clone
library qPCR Key
Patient 1 + + No. of CFUs Color
Patient 2 + +
Patient 3 + 0 → 103
Patient 4
Patient 5 + 103 → 104
Patient 6
Patient 7 + 104 → 105
Patient 8 +
Patient 9 + 105 → 106
Patient 10 +
Patient 11 + 106 → 107
Patient 12 +
Patient 13 + 107 → 108
Patient 14
Patient 15 108 → 109
Patient 16 +
Patient 17 + + 109 → 1010
Patient 18 +
Patient 19 +
Detection of the species in the clone library is shown by +, and the results of qPCR are indicated according to the key, where the number of CFU per gram sample dictates
the color coding (white indicates that no signal was found above the limit of quantification which was 103).
650 V.B. Rudkjøbing et al. / Journal of Cystic Fibrosis 13 (2014) 645–652level amplification just below the reportable range was observed
in samples, which may indicate that the bacterium was present.
The role of P. acnes in the sinuses is difficult to ascertain.
Although the bacterium is normally considered an omnipresentcommensal of the skin, it has some opportunistic pathogenic
features and has been linked to cases of biofilm-associated
infections of indwelling medical devices and endocarditis [23].
Divergence in anaerobic detection by culture methods and
651V.B. Rudkjøbing et al. / Journal of Cystic Fibrosis 13 (2014) 645–652molecular methods has frequently been reported (also for non-CF
sinus infections [9]), and a number of factors may contribute to
this. Besides filtering of culture results and slow growth rates,
problems in the specimen collection, transportation, transport
medium and use of suboptimal culture conditions can cause
difficulties for culture-dependent detection of anaerobic species
[24,25]. Aerobe exposure during sampling or
bacteria being in a non-culturable stadium are the most likely
reasons for the absence of anaerobes in sinus samples, which lead
to the discontinuation of anaerobic testing of these samples.
Thirdly, based on the qPCR measurements we were not able
to find a clear correlation between the number of microorgan-
isms and detection in clone libraries or by culture methods.
The presence of P. aeruginosa, S. aureus and P. acnes was
confirmed in some cases by qPCR, and their relative abundance
in the samples could be determined. The results indicated that
P. aeruginosa and S. aureus were more abundant than the
anaerobic P. acnes, which was always measured in low
concentration. Based on these measurements it can be tempting
to conclude that P. acnes play a minor role in the infection
compared with P. aeruginosa and S. aureus. However, it is
presently unknown which factor is most important for disease
development: presence, diversity or relative abundance.
Finally, this study has highlighted that neither of the used
methods is suitable as a solitary method for analysis of microbial
diversity in sinus samples. In addition to the deviations described
above, there were cases where the clone libraries detected
microorganisms in samples that could not be confirmed by
qPCR, and likewise the P. aeruginosa qPCR assay detected the
bacterium in three samples where it was not found in the clone
library but were found by culture-dependent methods (patients 8,
11 and 18). It is possible that the universal primers used during
construction of the clone libraries are the cause of this divergence,
since no stretch of nucleotides can be designed to be truly
universal and match all bacteria with high affinity [26]. This
problem might be circumvented in future studies by using a
strategy of primer redundancy and more in-depth analysis, for
instance by the Ibis T5000 which has recently been used to
investigate the microbiome of chronic non-CF rhinosinusitis [27].
We recommend that future studies should include control groups
of both non-CF patients with sinus infections and healthy
individuals to fully investigate the role of microorganisms.
5. Conclusion
By using molecular methods it was possible to detect a
variety of living aerobic, anaerobic and facultative anaerobic
bacteria in the sinuses of CF patients, many of which were not
found by culture-dependent routine diagnosis. The findings
indicated that the flora might be more complex than indicated
by culture methods. Our study suggests that the results of such
molecular analyses should be interpreted with care. However,
postoperative sinus treatment will in our department be adjusted
according to even small amounts of CF-pathogens. The clinical
implication of the microbial flora found in the sinuses of CF
patients is difficult to ascertain, since species commonly found in
CF sinuses and CF related pathogens were detected alongsidespecies that were most likely inhaled, skin contaminants or
environmental microorganisms. Furthermore, the lack of univer-
sal consensus between the results obtained by the two methods
illustrates the importance of using multiple methods. It may be
that diagnosis of microorganisms involved in sinus infections can
be improved by a combination of culture and molecular methods,
since both methods have advantages and limitations. If bacteria
are cultured, their antibiotic susceptibility can be easily inves-
tigated, but the bacterial flora may be underestimated. For
molecular methods, susceptibility testing can be problematic,
since the mechanisms responsible for resistance are diverse and
phenotypic susceptibility may be difficult to predict based on
genotypic traits. A major problem for the reliability of molecular
methods is that extraction of nucleic acids may be insufficient,
and that broad-range analysis based on a single universal primer
set is problematic. The use of sensitive molecular methods has
posed a great challenge of the definitions of positive culture
reports and our general understanding of infections since multiple
body sites previously considered sterile are found to harbor
microorganisms. These issues must be addressed before the full
potential of the methods can be exploited.Acknowledgments
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